This study evaluated the impact of biological and environmental factors on the infection of red foxes (Vulpes vulpes) by Echinococcus multilocularis in an endemic area of north-east France. From January 2004 to April 2006, 127 foxes were examined for E. multilocularis and their stomach contents analysed. The effect of year, season, age, sex and urbanisation level on E. multilocularis presence was estimated using a General Linear Model (GLM) with logit link, (i.e. logistic regression). Urbanisation level was the only influencing factor, with a decreasing gradient from rural [54 %,] to peri-urban [31 %, CI 95 % (15-52)] and urban area [4 %,]. The consumption of Arvicola terrestris and Microtus sp., grassland species, the main presumed intermediate hosts of E. multilocularis, was studied by the same approach. The two species were consumed less in the urban area and more in autumn than in spring. Anthropogenic food consumption was linked to urbanisation and to age. The frequency of anthropogenic food consumption decreased in the rural area. A global model explaining the presence of E. multilocularis and including urbanisation level and diet was then elaborated. Independently of urbanisation, there was a suggestion of less E. multilocularis infection with anthropogenic food consumption. Red foxes consuming Microtus sp. and A. terrestris had higher worm burden than those that did not. The results suggest that the decreasing gradient observed from rural to urban area is linked to behaviour and feeding habits. 
Résumé : INFECTION DES RENARDS PAR ECHINOCOCCUS MULTILOCULARIS DANS LES ZONES URBAINES ET PÉRI-URBAINES DE NANCY, FRANCE : INFLUENCE DU RÉGIME ALIMENTAIRE ET DE L'ENVIRONNEMENT

Cette étude évalue l'impact des facteurs biologiques et environnementaux sur l'infection du renard roux (Vulpes vulpes) par Echinococcus multilocularis dans une région endémique du nord-est de la France. De janvier 2004 à avril 2006, 127 renards ont été examinés pour le diagnostic d'E. multilocularis et une analyse du régime alimentaire a été réalisée à partir des contenus stomacaux. L'effet de l'année, de la saison, de l'âge, du sexe et du niveau d'urbanisation sur la présence d'E. multilocularis a été estimé en utilisant un modèle linéaire général (GLM) à lien logit (c.-à-d. régression logistique). Le niveau d'urbanisation était le seul facteur influençant la présence du parasite avec un gradient décroissant du secteur rural
] à peri-urbain [31 %, ] et urbain [4 %, fox population has been observed in France and other European countries (Artois, 1997; Ruette & Stahl, 2003) leading to a colonisation of urban areas by foxes (Gloor et al., 2001; Deplazes et al., 2004) . The changes in population dynamics were assumed to be, in part, the result of successful oral vaccination programs against rabies (Chautan et al., 2000; Gloor et al., 2001) . Therefore, more red foxes are observed in urban areas and villages and the proximity of wild fauna to human populations may be a public health risk, particularly with regard to alveolar echinococcosis. This is a lethal helminthosis of the northern hemisphere, due to infection of the liver by the larval stages of Echinococcus multilocularis (Schantz et al., 1995) .
INTRODUCTION
T he colonisation of cities by red foxes was initially a British phenomenon reported in the 1940s (Harris, 1977; Macdonald & Newdick, 1982) . Since the beginning of the 1990s, an increased Transmission to human occurs through the accidental ingestion of eggs excreted by the final host. From 1982 to 2000, 42 % of the registered European human cases were diagnosed in France (Kern et al., 2003) . Although rare, this disease is a real public health concern due to high pathogenicity, late diagnosis and stringent treatment (Eckert & Deplazes, 2004) . The parasite life cycle involves red foxes as definitive hosts and several small mammals as intermediate hosts. In Europe Microtus arvalis and Arvicola terrestris, two grassland species, are considered the main intermediate hosts (Giraudoux et al., 2002) . Domestic carnivores, such as dogs and cats, are potential hosts. Even though cats' behaviour could favour their infection, among rodents predation, their physiology presents a lower susceptibility to infection and eggs excretion (Kapel et al., 2006) . Contribution of domestic carnivores to human exposure in Europe is still unclear and their proximity to man may pose a major zoonotic risk (Petavy et al., 2000; Romig et al., 2006b) . In Europe, the red fox is the main source of environmental contamination (Deplazes & Eckert, 2001) . Recent studies have shown the presence of E. multilocularis in red fox in various cities: Copenhagen (Kapel & Saeed, 2000) , Geneva (Fischer et al., 2005) , Prague (Martinek et al., 2000) , Stuttgart (Romig et al., 1999) , Zürich (Hofer et al., 2000) in Europe, Sapporo (Tsukada et al., 2000) and Otaru (Yimam et al., 2002) in Japan. The prevalence among urban foxes was lower than among suburban or rural foxes. However it occurs a considerable infection risk to human due to the high fox population in cities (Romig et al., 2006a) . Definitive host contamination is due to eating rodents, and epidemiological studies have shown the impact of their availability on rural red fox infection (Delattre et al., 1988; Giraudoux et al., 2002; Raoul et al., 2003) and more recently in urban red fox infection (Hegglin et al., 2007) . Diet analysis of urban red foxes has revealed changes in feeding habits, compared to the more traditional biotopes, with a larger consumption of anthropogenic food (Baker et al., 2000; Contesse et al., 2004; Doncaster et al., 1990) . Deplazes et al. (2004) point out that these changes may affect the life cycle of E. multilocularis in urban foxes. The aim of this study was to investigate the effect of environmental and dietary factors on the infection of urban and suburban red foxes in eastern France. The results will be discussed in the light of earlier studies in other countries.
MATERIAL AND METHODS
STUDY SITE
T he study site was the conurbation of Nancy, in the Lorraine region of north-east France, an endemic area for E. multilocularis (Aubert et al., 1987) . The study area (230 km 2 ) was divided into urban, peri-urban and rural zones (62, 75 and 93 km 2 , respectively) (Fig. 1) bitants (INSEE census, 1999) , comprised the urban center and its suburbs. The urban zone was a builtup area including some recreational areas like parks, family gardens and small fields. The peri-urban zone was defined as a one km large buffer zone around the urban unit. The peri-urban landscape comprised a mix of recreational areas and agricultural areas, with pastures, fields, meadows and woodland. The rural zone was principally farmland.
FOX SAMPLING
From January 2004 to April 2006, data from 127 red foxes were collected. Samples were taken from foxes caught by authorised trappers, foxes freshly killed on the road, or shot during hunting season, except in urban area where this is prohibited. It was assumed that the cause of the death did not influence the parasitic status of the animal. The geographical location, year, season of the death, sex and age were recorded for each animal. Age was evaluated by counting annual cementum layers in transversal sections of the lower canines (Artois & Salmon, 1981) .
PARASITOLOGICAL EXAMINATION
After safe collection, intestines were deep-frozen at -80°C during 10 days for decontamination and stored at -30°C. They were analysed according to the reference technique of sedimentation and counting (SCT) ) with modifications. The whole intestine was incised longitudinally and cut into four pieces. All pieces were transferred into a 1 litre plastic jar with water. After shaking for a few seconds, pieces were extracted one after the other and intestinal mucous was scraped twice between fingers. After 30 minutes, the sediment was washed with water through a 1 mm sieve. After one hour, the sediment was re-suspended and a few ml were examined under stereoscopic microscope (50 × magnification) on a rectangular plastic dish with a counting grid. When E. multilocularis were not seen, all the sediment was examined. Where worms were detected, the total burden was estimated from the count of 20 % of the re-suspended sediment. E. multilocularis identification was based on morphology (Dorchies et al., 2002) .
STOMACH ANALYSIS
Stomachs were collected at necropsy and stored at -30°C. Their contents were removed and washed through a 0.5 mm sieve. The presence of A. terrestris, Microtus sp. and anthropogenic food was recorded. Rodents were identified by their teeth according to the method of Chaline et al. (1974) . When rodent teeth were not found, identification of prey species was assessed by examining 10 µm cross sections of hairs, according to the methods of Day (1966) and Debrot et al. (1982) . Anthropogenic food was presumed from the presence of pet food, plastic, metallic or paper packaging, and scavenged human food.
STATISTICAL ANALYSIS
Logistic regression was used to analyse the association of urbanisation level, year, season, age class or sex with the probability of infection by E. multilocularis. Model was built considering urbanisation level as the most promising independent variable followed by season, age class, sex and possible interactions. Similar analyses were carried out on the impact of urbanisation level, year, season, age class or sex on the consumption of Microtus sp. and A. terrestris and anthropogenic food. Consumption was expressed as the proportion of stomachs containing the index food item among all stomachs, including the empty ones. Furthermore, logistic models combining the effects of environmental factors and dietary changes on fox infection were elaborated. Models were compared using the information theoretic approach as outlined by Burnham & Anderson (2002) corrected for small sample sizes (AICc) and presented according to the method of Anderson et al. (2001) . The model considered the most appropriate for the data set was the model with lowest AICc value. When two AICc values differed by less than two, we selected the most parsimonious model, i.e., with less parameters. Odds ratios (OR) were computed from the model parameters. Confidence intervals (CI) of predictive values were generated via bootstrapping of 1,000 replicates (Davison & Hinkley, 1997) . The ability of the selected models to fit the data was assessed with the Pearson goodness-of-fit test. The discriminatory performance for final logistic equation was tested with a Receiver Operating Characteristic (ROC) approach. The area under the ROC curve (AUC) defined by the false positive rates and true positive rates was used as a measure of accuracy. The nearer to one, the more accurately the model describes the data (Fielding & Bell, 1997) . The distribution of worm burden among zones and among food items, being far from normal, with few extremely high values, comparisons were performed using a Kruskal-Wallis test. Analyses were performed using R 2.4.1 (R Development Core Team, 2004) .
RESULTS
1
27 foxes were collected, including 49 from urban area (39 %), 26 from peri-urban area (20 %) and 52 from rural area (41 %). 56 were collected in winter, 36 in spring, 18 in summer and 17 in autumn. The sex ratio of 1.27 revealed higher proportion of males. The age range was divided into four classes: 0-1 year (53 foxes), 1-2 years (22), 2-3 years (22) and more than 3 years (21). The age of nine specimens could not be determined since their jaws were crushed.
E. MULTILOCULARIS INFECTION
38 foxes (30 %) were infected. Two of 49 urban foxes were positive. They were juvenile males found close to the peri-urban zone (Fig. 1) . The distribution of the eight positive cases in peri-urban area revealed that six were collected close to the urban area, with three in the same place. Table I shows that second-order Akaike index criterion (AICc) values were lower in the model with only a zone effect. The model failed to detect any effect of year, season, age and sex. The prevalence in urban foxes was lower than in rural foxes (OR = 0.04; CI = 0.01-0.14) with a small difference between periurban and rural foxes (OR = 0.38; CI = 0.14-1.01). Prevalence in rural (54 %, CI 40-68 %), in peri-urban (31 %, CI 15-52 %) and in urban area (4 %, CI 0.7-15 %) shows a decreasing gradient of infection from rural to urban area (Fig. 2) . Pearson goodness-of-fit test (p = 0.41) and AUC of 0,78 indicated a good fit for the model.
E. MULTILOCULARIS BURDEN
The infection intensity ranged from two to 135,565 adult worms, with a total of 163,070 (Table II) . A Kruskal-Wallis test failed to detect differences in worm burden between zones (p = 0.169). The total biomass of worms in the urban area (84 adult worms) represented 0.05 % of the total biomass in the study area, while rural red foxes harboured 13 % and peri-urban foxes 87 % of the total biomass. 37 % of the infected foxes harboured less than 100 worms and 26 % more ROBARDET E., GIRAUDOUX P., CAILLOT C. ET AL. LL = maximised log-likelihood; K = number of estimated parameters; n/K = number of observations/K; AICc = second-order Akaike index criterion; ∆ i = difference between AICc and minimum AICc; w i = Akaike weights. are presented in figure 3 . Consumption frequency was lower in the urban area than in the rural area (OR = 0.08, CI = 0.01-0.44) whereas no clear influence of periurban areas was observed (OR = 0.80, CI = 0.20-2.79).
A seasonal variation revealed a higher consumption in autumn than in spring (OR = 13.12, CI = 2. 16-115.27 ). This phenomenon was observed mainly for rural and peri-urban foxes (Fig. 3) 
ANTHROPOGENIC FOOD CONSUMPTION
Anthropogenic food consumption was seen in 22 % (CI 15-32 %) of the stomach with contents, i.e. 13 % (CI 11-24 %) of all stomachs. AICc (Table III) were lower in the model including zone and age (Pearson goodness-of-fit test: p = 0.79, AUC = 0.80). Compared to the rural area data, frequency of anthropogenic food consumption increased in peri-urban (OR = 8.92, CI = 1.72-69.77) and more significantly in urban areas (OR = 12.67, CI = 2.94-90.80). Predictive values and confidence intervals revealed no differences between peri-urban and urban areas for each age class (Fig. 4) . For 2-3 years old foxes, no consumption of anthropogenic food was found.
IMPACT OF DIET ON E. MULTILOCULARIS INFECTION
The smallest AICc were observed for the model including the effect of zone and anthropogenic consumption. However, the small observed differences between AICc values (< 2) did not allow discrimination between "zone + anthro" and "zone" and "zone + anthro + mat" (Table IV) . Retaining the most parsimonious model, prevalence was mainly explained by the zone (Pearson goodness-of-fit test: p = 0.41, AUC = 0.78). Foxes from the urban area had the lowest prevalence (OR = 0.04, CI = 0.007-0.17) with a likely decrease of infection prevalence of foxes with anthropogenic food consumption (OR = 0.17, CI = 0.009-1) independent of urbanisation. Among infected foxes, a difference in worm burden was detected between those animals having eaten A. terrestris and/or Microtus sp. and those that did not; Kruskal-Wallis test (p = 0.018).
DISCUSSION
GRADIENT OF INFECTION AND URBANISATION LEVEL
T his study records the presence of the parasite in the urban area of a French city with a decreasing gradient from rural to urban area. The same trend was observed in Switzerland: Zürich (Hegglin et al., 2007; Hofer et al., 2000) and Geneva (Fischer et al., 2005) . The first report of an urban cycle for E. multilocularis concerned the city of Zürich. Diagnosis in red foxes in this city revealed a high preva- lence of E. multilocularis between 16.5 % in the urban area, 39.5 % in adjacent areas and 62.9 % in peri-urban area (Hegglin et al., 2007) . In the present study, the gradient of infection reached 4 % in the urban area, 31 % in the peri-urban area and 54 % in the rural area. This may indicate a higher disturbance of transmission dynamics in the urban area of Nancy compared to periurban and rural areas. The analysis of the effect of urbanisation level, year, season, age class and sex have shown that urbanisation only explained fox infection. Other studies have revealed a seasonal prevalence in an urban area with higher rate in winter for young males (Hofer et al., 2000) and more pronounced variation along the urbanisation gradient in juveniles foxes than in adult foxes (Hegglin et al., 2007) . In our study urban positive cases were juveniles males. Though the real origin of those juveniles could not be established, this finding may be due to the dispersion of juveniles from the peri-urban area. It revels that more attention must be deployed on the sex and age of foxes for the understanding of the urban dynamics transmission.
DIETARY CHANGES IN RED FOXES
The studies in rural areas showed that, for each stage of the parasite and on various scales (individual, population, biotope, etc.) , several environmental and behavioural variables influenced distribution and parasite dynamics Giraudoux et al., 2003; Miterpakova et al., 2006) . In Europe, at the regional level, it has been shown that transmission to the definitive host requires focal rodent species like M. arvalis and A. terrestris (Delattre et al., 1988) . Hegglin et al. (2007) have observed that urbanisation lead to a decrease of vole species consumption by foxes and to a decrease of E. multilocularis prevalence in this definitive host. Same trend was observed in Nancy. The present study provides evidence of fewer A. terrestris and Microtus sp. in the urban fox diet than in the periurban. No clear difference was observed between periurban and rural consumption of the intermediate hosts. This may be due to the decreased availability of voles because of a higher urbanisation, and/or to changes in the foxes' feeding habits. Giraudoux et al. (2001) , Pleydell et al. (2004) and Raoul et al. (1999) have emphasised the impact of grassland on transmission dynamics, and Stieger et al. (2002) have found evidence of infected A. terrestris in the lawns of urban parks within the city of Zürich. A comparison of the features of green areas and parks in different cities may prove an interesting way to understand how urban planning may impact transmission. In our study, there was less anthropogenic food consumption in the rural zone than in the peri-urban zone. Such findings are consistent with those from other European cities (Baker et al., 2000; Contesse et al., 2004; Doncaster et al., 1990) . However, Contesse et al. (2004) described a zone-related variation of the anthropogenic food category, with a higher consumption in the urban area than in the peri-urban area. In our study, no clear zonerelated distinction in anthropogenic food consumption was observed between the peri-urban and urban areas. Our results also indicated that, for each urbanisation level, anthropogenic food consumption affected negatively the proportion of infected foxes, and worm burdens were heavier where foxes ate A. terrestris and Microtus sp. An understanding of the dynamics of E. multilocularis infection at the interface of an endemic area and a low infection zone might be useful for proposing new strategies to control the parasite.
INFECTION PRESSURE IN URBAN AND RECREATIONAL AREA
Our findings, and those of earlier studies, suggest that more attention should be paid to peri-urban red foxes. These animals have feeding habits closer to those of rural foxes. In our study, the peri-urban prevalence of E. multilocularis (31 %) was close to the rural prevalence (54 %). Moreover, one peri-urban juvenile fox harboured 83 % of the total worm biomass sampled. The peri-urban area of the city of Nancy has many recreational areas and private gardens. Therefore, fewer peri-urban red foxes could contaminate this highly used environment. Furthermore, the parasite population seemed to be highly aggregated spatially, which could lead to micro-foci of infection, hard to detect, rather than to a uniform distribution of infective mate- Anthro = anthropogenic food consumption; Mat = Microtus sp. and Arvicola terrestris consumption; LL = maximised log-likelihood; K = number of estimated parameters; n/K = number of observations/K; AICc = second-order Akaike index criterion; ∆ i = difference between AICc and minimum AICc; w i = Akaike weights. rial. In Europe, infected people are mainly farmers, dog owners, people in contact with foxes (Kern et al., 2004) , and people living in areas of high vole density (Viel et al., 1999) . Since the year 2000, the incidence of human cases in Switzerland has increased. This emerging epidemic situation is in accordance with the increase of red fox population and the urbanisation of E. multilocularis cycle that occurred 10-15 years earlier and corresponds to the time delay of clinical manifestation in humans (Schweiger et al., 2007) . In regards to the increased risk of infection for man, control programs have already been carried out. Treatment with praziquantel baits has been initiated in Zürich (Hegglin et al., 2003) and in progress in Sapporo (Nonaka et al., 2005) and we suggest that the study of environmental contamination on a detailed field scale may be helpful for such planning control measures.
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